Supplementary Text

Principal Component Analysis (PCA)

The PCA performed on the deformation fields obtained from the DDA of the left sinuses allows to assess the range of morphological variability of the four ecomorphogroups. The first three PCs explain 36.41% of total variance (PC1 = 16.45%, PC2 = 10.58% and PC3 = 9.38%). The ordinary least square regressions performed for the first three PCs against lnSV, lnSL, and lnBM demonstrate that the PCs either do not show a significant correlation with these variables or, when significant, the correlation is weak and explains a limited amount of the total variance (Table S3). Hence, sinus size and body mass do not play a role (or a minimal one) in the main changes in frontal sinus shape. 
The PC1 (16.45% of variance) does not allow to separate ecomorphogroups, with most individuals that occupy intermediate values (Fig. S3a-b), with the exception of the two N. procyonoides which occupy markedly negative values along this PC (Fig. S3a-b). Hypocarnivores (G4) show the greatest shape variation for PC1, ranging from marked negative to marked positive scores. This is probably related to the presence in this group of species with both a simple sinus morphology (the cylinder-like shape of N. procyonoides; Fig. 1i-j) and a more developed and complex sinus (e.g., C. brachyurus that presents both a rostromedial and a rostrolateral lobe; Fig. 1a-b). The extremely simplified morphology of N. procyonoides is very similar to that of the PC1 minimum extreme conformation, which shows one elongated medial lobe and no lateral lobe or prominence nor a ventral lobe, typical of the aforementioned species (Fig. S3c). On the other hand, the most positive PC1 scores are occupied by species showing a well-developed sinus, with a typical triangular-like shape in lateral view and a large rostrolateral lobe (the rostromedial lobe is instead markedly small; Fig. S3c). The four ecomorphogroups largely overlap also along PC2 (10.58% of total variance).
This is because shape changes captured by this axis are related to rostral lobes relative size: species with a sinus showing a well-developed rostrolateral lobe and an underdeveloped rostromedial one are found on negative PC2 scores, while the species with similarly developed and small rostral lobes occupy positive values along this axis (Fig. S3c). Similarly, along PC3 (9.38% of total variance) the ecomorphogroups show a remarkable overlap, but we can see some pattern of separation among species of hypercarnivorous group-hunters (G1), such as C. lupus and L. pictus (on mainly positive and negative PC3 scores, respectively; Fig. S3b). The shape changes influencing PC3 are those related to the medio-lateral enlargement of the sinus (Fig. S3c). Hence, sinuses that are more rostro-caudally present positive PC3 scores, while species that present medio-laterally expanded sinuses are found on negative PC3 values (Fig. S3c). As far as the fossil species are concerned, C. borjgali falls outside the variability of all extant species, due to the possession of an inflated rostrolateral lobe with neither rostral incision nor medial lobe (Fig. 4a-b). The remaining fossil specimens match the range of variation of extant species. In turn, C. mosbachensis falls within the variability of G1 and G3 (mesocarnivores) along PC1 and PC3 (while being in an overlap zone also for hypocarnivores (G4) along PC2; Fig. S3a-b). The two individuals of C. etruscus fall within the variability of all groups for PC1 scores. One of the two individuals does so also for PC2, while the other falls outside the range of G2 only. Along PC3, one of the two individuals falls inside the variation of G3 only (possibly due to similarities with C. aureus), while the other matches those of all groups besides G2 (Fig. S3a-b). Similarly, the two Eucyon species fall within the variability of all groups along PC1 and, in the case of E. adoxus, also for PC2. Regarding PC3 scores, E. adoxus matches the distribution of all groups but G2, while E. davisi is found in the range of G1 and G3 only (Fig. S3a-b).
Nyctereutes procyonoides is the only representative of the tribe Vulpini to possess a proper frontal sinus, yet it shows a very distinctive morphology (much simpler) relative to other canine species and thus distorts the morphospace in a way that makes canine taxa to be largely superimposed. To avoid the variance compression exerted by this taxon, we decided to perform also a PCA without N. procyonoides, with the goal of better assessing shape differences within Canini (Fig. S4). The first three PCs of this analysis explain less variability than the previous PCA (33.14% of total variance: PC1 = 12.43%, PC2 = 11.00% and PC3 = 9.71%). The bivariate regressions performed between each of the first three PCs of this second PCA and lnBM, lnSV and lnTL show that the PCS either do not present a significant correlation with the morphometric parameters or a significant, yet weak correlation (as we can see in Table S4, none of the significant correlations present an R2 higher than 0.25, meaning that the correlations explains less than 25% of the total variability along the axis).
Hence, also in this case lnBM, lnSV and lnTL play a marginal role in determining the shape change of the frontal sinuses here analyzed. The results of this PCA (Fig. S4a-b) show a much more compressed variability of the ecomorphogroups, especially of G4. We also see that considering PC1 (12.43% of total variance) the ecomorphogroups are more distinguished than in the previous PCA, because G1 tends to occupy the positive side of the axis (with the exception of two individuals of C. lupus), while G3 and G4 tend to occupy the negative side of this axis (Fig. S4a-b). G2 is instead placed closer to zero as far as PC1 is concerned (Fig. S4a-b). Removing N. procyonoides from the analysis, we observe also that the shape change highlights more the differences in the morphology of the frontal sinuses of G1 and G3 because the species that present more positive values of this PC (G1) show a sinus morphology with two well-developed rostral lobes and a deep rostral incision, while species with more negative values of PC1 present a sinus morphology with a shallow rostral incision and less developed rostral lobes, in particular an underdeveloped rostromedial lobe (Fig. S4c).
When we consider PC2 (11.00% of total variance) the ecomorphogroups are not well distinguished because they all occupy both negative and positive values of this axis: the only exception is G4, which occupies only positive values of this PC (Fig. S4a-b). The shape change observed along this axis is almost the same observed in the previous PCA, meaning that the influence of N. procyonoides on this axis is marginal (Fig. S4a). As far as the PC3 (9.71% of total variance) is concerned, we see that also in this case the ecomorphogroups are not well defined: the only one is G2, which occupies only positive values of this axis (Fig. S4b). The species that show more negative values of this PC show a more rostro-caudally elongated sinus with a prevalent development of the rostrolateral lobe, instead the species that fall in the positive side of this axis present a more medio-laterally enlarged sinus with an equal development of the rostral lobes (Fig. S4c). Considering the fossil specimens, we can see that they all fall within the variability of extant ecomorphogroups when we consider PC1 and PC2 (Fig. S4a). In particular, C. borjgali falls within the variability of G3 and also really close to the variability of G1 and G4 (specifically close to one of the individuals of C. brachyurus; Fig. S4a). Canis mosbachensis falls within the variability of G1 and G3, while the two individuals of C. etruscus fall one just in the variability of G1 and the other in between the ranges of G1, G3 and G4 (Fig. S4a). As far as the Eucyon species are concerned we see that they both fall within the variability of G1 and G3 and also close to the variability of G2, but E. davisi also falls within the variability of G4 (Fig. S4a). When we consider PC3 we see that C. borjgali falls outside the variability of all extant ecomorphogroups and so does one of the two individuals of C. etruscus (the other one falls instead within the variability of G1, G3 and G4 and so does C. mosbachensis; Fig. S4b). Eucyon davisi falls instead within the variability of G1 and G4, in particular close to two individuals of Lu. adusta, while E. adoxus falls within the variability of G1 and G3 (Fig. S4b). 

Canonical Variate Analysis (CVA)

The CVA performed on the first 10 PCs (which returned the best classification results and explained 68.2% of the total variance) yielded a moderate classification accuracy for the four considered ecomorphogroups (72.4% of correctly classified individuals after cross-validation; see Table S5 for further details on the classification of the individuals). 
Similarly to the bgPCA, the first Canonical Variate (CV1, 78.5%) discerns among G1 and G3 (with only minimal overlap). G1 species are found on positive CV1 scores (with only Cu. alpinus that show moderately negative CV1 values). G3 taxa, instead, fall on negative CV1 values (except one individual of Lu. mesomelas found on moderately positive scores; Fig. S5a-b). G2 taxa share with G3 ones the negative range of the CV1 score distribution, while G4 specimens occupy intermediate values (moderately negative and positive scores), slightly overlapping with both G1 and G3 (Fig. S5a-b). Positive CV1 values are associated to a sinus morphology characterized by two unequally-sized rostral lobes, with the lateral one that is always larger than the medial one (Fig. S5c). Negative CV1 values imply a medio-laterally enlarged sinus, with two equally developed rostral lobes (Fig. S5c). Along CV2 (14.4% of variance), G1, G3 and G4 occupy intermediate values, thus allowing the distinction of G2 only due to its negative-most CV2 scores (Fig. S5a).
Species at the negative end of the distribution are characterized by a frontal sinus with a deep rostral incision and two equally-sized and well-developed rostral lobes (Fig. S5c). Positive CV2 values are instead associated with the presence of a single, well-developed rostral lobe (the lateral one) and a convex dorsal surface (Fig. S5c). Finally, we do not observe a good group separation for CV3 (6.69% of variance), where all ecomorphogroups are found on intermediate scores, with the partial exception of G4 (on negative scores only) and G2 that only marginally overlap (Fig. S5b). The species that fall on the negative side of this CV show a well-developed rostrolateral lobe that diverges from the rostromedial one and it is more developed, while the species on the positive side of the axis show a sinus with two parallel rostral lobes that are more equally developed, but differ for the presence of an additional prominence on the lateral side of the rostrolateral lobe (Fig. S5c). When fossil species are considered, E. davisi falls only within the variability of G1 for all the first three CVs, while E. adoxus falls also within the variability of G4 when CV2 is considered (Fig. S5a-b). As far as the fossil species of the genus Canis are concerned, C. mosbachensis falls within the variability of G4, but when CV2 is considered it falls also within the variability of G1 (Fig. S5a-b). Canis borjgali instead falls outside the variability of all extant ecomorphogroups when CV1 and CV2 are considered (Fig. S5a), but falls within the G1 variability when CV3 is taken into account (Fig. S5b). Finally, one of the two individuals of C. etruscus falls close to the variability of G1 for CV1 and CV2 and within it when CV3 is considered, while the other falls within the variability of G3 when CV1 and CV2 are considered and outside the variability of all extant ecomorphogroups when CV3 is considered (Fig. S5a-b). The position in the morphospace of the fossil species is coherent with the obtained posterior probabilities based on CVA scores (Table S6). These classify C. borjgali, C. etruscus IGF 4412, E. davisi and E. adoxus as G1, while C. mosbachensis and C. etruscus IGF 4407 as G4. Typicality probabilities (Table S7) show instead that C. borjgali and both individuals of C. etruscus can be considered outliers for all the extant ecomorphogroups. Canis mosbachensis and E. adoxus are instead outliers only for G2, while showing greatest affinities with G3 and G1, respectively (Table S7). Finally, E. davisi matches the distribution of G1 only (Table S7).
When CVs are regressed against natural log-transformed body mass (lnBM) and natural log-transformed frontal sinus size (lnSL and lnSV), CV1 only shows a significant and moderate (with lnBM and lnSV) to strong correlation (lnSL) with the considered variables (Table S8). This implies that size (both in terms of body mass and cranial size) has a considerable influence on the shape differences captured by CV1. 

Cross Validated-between group PCA (CV-bgPCA)

The comparison of the results obtained from a cross-validated bgPCA (CV-bgPCA) with those for the standard bgPCA, highlights the presence of some degree of exaggerated group separation along bgPC3, as these superimpose much more broadly in the CV-bgPCA. Hence, the interpretation of group-related differences for this axis must be very cautious, they might be the result of spurious grouping (Fig. S6). When instead are considered the other two bgPCs the superimposition of the ecomorphogroups is comparable to that of the standard bgPCA, with the only exception of G2 species which present a higher degree of superimposition along bgPC2. After cross-validation, 69% of the individuals are correctly classified, down from 84.5% of the standard bgPCA (Table S9).
